High statistics measurement of the cross sections of gamma gamma -> pi^+
  pi^- production by Mori, T.
ar
X
iv
:0
70
4.
35
38
v1
  [
he
p-
ex
]  
26
 A
pr
 20
07
High statistis measurement of the ross setions of γγ → pi+pi−
prodution
T. Mori,
22
S. Uehara,
8
Y. Watanabe,
15
K. Abe,
42
I. Adahi,
8
H. Aihara,
44
K. Arinstein,
1
V. Aulhenko,
1
T. Aushev,
18, 50
A. M. Bakih,
40
V. Balagura,
13
E. Barberio,
21
A. Bay,
18
K. Belous,
12
U. Biten,
14
I. Bizjak,
14
S. Blyth,
24
A. Bondar,
1
M. Bra£ko,
8, 20, 14
T. E. Browder,
7
M.-C. Chang,
3
A. Chen,
24
W. T. Chen,
24
B. G. Cheon,
6
I.-S. Cho,
49
S.-K. Choi,
5
Y. Choi,
39
J. Dalseno,
21
M. Dash,
48
A. Drutskoy,
2
S. Eidelman,
1
S. Fratina,
14
N. Gabyshev,
1
B. Golob,
19, 14
H. Ha,
16
K. Hayasaka,
22
H. Hayashii,
23
M. Hazumi,
8
D. Heernan,
32
T. Hokuue,
22
Y. Hoshi,
42
W.-S. Hou,
26
T. Iijima,
22
K. Ikado,
22
A. Imoto,
23
K. Inami,
22
A. Ishikawa,
44
R. Itoh,
8
M. Iwasaki,
44
Y. Iwasaki,
8
H. Kaji,
22
J. H. Kang,
49
P. Kapusta,
27
N. Katayama,
8
T. Kawasaki,
29
H. Kihimi,
8
H. O. Kim,
39
S. K. Kim,
37
Y. J. Kim,
4
S. Korpar,
20,14
P. Kriºan,
19, 14
P. Krokovny,
8
R. Kumar,
33
C. C. Kuo,
24
A. Kuzmin,
1
Y.-J. Kwon,
49
M. J. Lee,
37
S. E. Lee,
37
T. Lesiak,
27
J. Li,
7
A. Limosani,
8
S.-W. Lin,
26
D. Liventsev,
13
J. MaNaughton,
11
F. Mandl,
11
T. Matsumoto,
46
A. Matyja,
27
S. MOnie,
40
T. Medvedeva,
13
H. Miyake,
32
H. Miyata,
29
Y. Miyazaki,
22
R. Mizuk,
13
G. R. Moloney,
21
Y. Nagasaka,
9
E. Nakano,
31
M. Nakao,
8
H. Nakazawa,
24
Z. Natkanie,
27
S. Nishida,
8
O. Nitoh,
47
S. Noguhi,
23
T. Ohshima,
22
S. Okuno,
15
S. L. Olsen,
7
S. Ono,
45
Y. Onuki,
35
W. Ostrowiz,
27
H. Ozaki,
8
P. Pakhlov,
13
G. Pakhlova,
13
C. W. Park,
39
H. Park,
17
K. S. Park,
39
R. Pestotnik,
14
L. E. Piilonen,
48
A. Poluektov,
1
H. Sahoo,
7
Y. Sakai,
8
N. Satoyama,
38
O. Shneider,
18
J. Shümann,
8
K. Senyo,
22
M. E. Sevior,
21
M. Shapkin,
12
C. P. Shen,
10
H. Shibuya,
41
B. Shwartz,
1
J. B. Singh,
33
A. Sokolov,
12
A. Somov,
2
N. Soni,
33
S. Stani£,
30
M. Stari£,
14
H. Stoek,
40
T. Sumiyoshi,
46
S. Y. Suzuki,
8
F. Takasaki,
8
K. Tamai,
8
M. Tanaka,
8
G. N. Taylor,
21
Y. Teramoto,
31
X. C. Tian,
34
I. Tikhomirov,
13
T. Tsuboyama,
8
T. Tsukamoto,
8
K. Ueno,
26
T. Uglov,
13
Y. Unno,
6
S. Uno,
8
P. Urquijo,
21
Y. Usov,
1
G. Varner,
7
K. Vervink,
18
S. Villa,
18
A. Vinokurova,
1
C. H. Wang,
25
P. Wang,
10
E. Won,
16
Q. L. Xie,
10
B. D. Yabsley,
40
A. Yamaguhi,
43
Y. Yamashita,
28
C. C. Zhang,
10
Z. P. Zhang,
36
V. Zhilih,
1
V. Zhulanov,
1
and A. Zupan
14
(The Belle Collaboration)
1
Budker Institute of Nulear Physis, Novosibirsk
2
University of Cininnati, Cininnati, Ohio 45221
3
Department of Physis, Fu Jen Catholi University, Taipei
4
The Graduate University for Advaned Studies, Hayama
5
Gyeongsang National University, Chinju
6
Hanyang University, Seoul
7
University of Hawaii, Honolulu, Hawaii 96822
8
High Energy Aelerator Researh Organization (KEK), Tsukuba
9
Hiroshima Institute of Tehnology, Hiroshima
10
Institute of High Energy Physis, Chinese Aademy of Sienes, Beijing
11
Institute of High Energy Physis, Vienna
12
Institute of High Energy Physis, Protvino
13
Institute for Theoretial and Experimental Physis, Mosow
14
J. Stefan Institute, Ljubljana
15
Kanagawa University, Yokohama
16
Korea University, Seoul
17
Kyungpook National University, Taegu
18
Swiss Federal Institute of Tehnology of Lausanne, EPFL, Lausanne
19
University of Ljubljana, Ljubljana
20
University of Maribor, Maribor
21
University of Melbourne, Shool of Physis, Vitoria 3010
22
Nagoya University, Nagoya
23
Nara Women's University, Nara
24
National Central University, Chung-li
225
National United University, Miao Li
26
Department of Physis, National Taiwan University, Taipei
27
H. Niewodnizanski Institute of Nulear Physis, Krakow
28
Nippon Dental University, Niigata
29
Niigata University, Niigata
30
University of Nova Goria, Nova Goria
31
Osaka City University, Osaka
32
Osaka University, Osaka
33
Panjab University, Chandigarh
34
Peking University, Beijing
35
RIKEN BNL Researh Center, Upton, New York 11973
36
University of Siene and Tehnology of China, Hefei
37
Seoul National University, Seoul
38
Shinshu University, Nagano
39
Sungkyunkwan University, Suwon
40
University of Sydney, Sydney, New South Wales
41
Toho University, Funabashi
42
Tohoku Gakuin University, Tagajo
43
Tohoku University, Sendai
44
Department of Physis, University of Tokyo, Tokyo
45
Tokyo Institute of Tehnology, Tokyo
46
Tokyo Metropolitan University, Tokyo
47
Tokyo University of Agriulture and Tehnology, Tokyo
48
Virginia Polytehni Institute and State University, Blaksburg, Virginia 24061
49
Yonsei University, Seoul
50
Institute fo r Theoretial and Experimental Physis, Mosow
(Dated: April 5, 2007)
We report on a high statistis measurement of the total and dierential ross setions of the
proess γγ → pi+pi− in the pi+pi− invariant mass range 0.8 GeV/c2 < W < 1.5 GeV/c2 with
85.9 fb
−1
of data olleted at
√
s = 10.58 GeV and 10.52 GeV with the Belle detetor. A lear signal
of the f0 (980) resonane is observed in addition to the f2 (1270) resonane. An improved 90%
ondene level upper limit B(η′(958) → pi+pi−) < 2.9 × 10−3 is obtained for P - and CP -violating
deay of the η′(958) meson using the most onservative assumption about the interferene with the
bakground.
KEYWORDS: two-photon prodution, f0(980), f2(1270), η
′(958), γγ → pi+pi− ross setion
I. INTRODUCTION
The nature of low mass mesons remains poorly understood in spite of deades of theoretial
and experimental eort [1℄. In partiular, low mass salar mesons (below 1 GeV/c2) are not
yet well established experimentally exept for the f0 (980) and a0 (980) mesons, while the
extensively disussed σ (f0(600)) and κ (K
∗(800)) mesons still remain ontroversial states [2℄.
A B fatory is well suited for detailed investigations of low mass mesons through two-
photon prodution, where overwhelming statistis an be obtained. Two-photon prodution
of mesons has advantages over meson prodution in hadroni proesses; the prodution rate
an be reliably alulated from QED with Γγγ as the only unknown parameter. In addition, a
meson an be produed alone without additional hadroni debris, and the quantum numbers
of the nal state are restrited to states of harge onjugation C = +1 with J = 1 forbidden
(Landau-Yang's theorem [3℄).
In the past, extensive studies of low mass mesons through γγ → ππ sattering have
been made at e+e− olliders: Crystal Ball [4℄, Mark II [5℄, JADE [6℄, TOPAZ [7℄, MD-1 [8℄,
CELLO [9℄ and VENUS [10℄; see Ref. [2℄ for a list of the earlier experiments. Using data from
Mark II, Crystal Ball, and CELLO, Boglione and Pennington (BP) performed an amplitude
analysis of γγ → π+π− and γγ → π0π0 ross setions [11℄. They found two distint lasses
3of solutions where one solution has a peak (peak solution) and the other has a wiggle
(dip solution) in the f0 (980) mass region. The two solutions give quite dierent results
for the two-photon width of the f0 (980) and the size of the S-wave omponent. Thus, it is
neessary to distinguish them experimentally.
In this paper, we report on a measurement of the ross setions for the reation γγ →
π+π− with high statistis that are more than two orders of magnitude larger than that of the
past experiments. The analysis is based on data taken with the Belle detetor at the KEKB
asymmetri-energy (3.5 GeV on 8 GeV) e+e− ollider [12℄. The data sample orresponds
to a total integrated luminosity of 85.9 fb
−1
, aumulated on the Υ(4S) resonane (
√
s =
10.58 GeV) and 60 MeV below the resonane (8.6 fb−1 of the total). Sine the ross setion
dierene between the two energies is only about 0.3%, we ombine both samples [13℄. We
observe the two-photon proess e+e− → e+e−π+π− in the zero-tag mode, where neither
the nal-state eletron nor positron is deteted, and the π+π− system has small transverse
momentum. We restrit the virtuality of the inident photons to be small by imposing a
strit requirement on the transverse-momentum balane of the nal-state hadroni system
with respet to the beam axis. Some of the results reported here are the subjet of a separate
paper fousing on the properties of the f0(980) meson [14℄.
This paper is organized as follows. A brief desription of the detetor is given in setion II.
The seletion riteria are listed in setion III. There is a well known diulty in disrim-
inating µ± from π± in the low momentum region (. 0.8 GeV/c); Setion IV presents the
method of partile identiation, in partiular the method of µ/π separation that we use.
Evaluation of the detetion and trigger eienies is desribed in setion V. The total and
dierential ross setions are given while their systemati errors are estimated in setion VI.
In setion VII, the resulting spetrum is tted to obtain the resonane parameters of the
f0(980) meson and to hek onsisteny in the f2(1270) region. Setion VIII summarizes
the results. Appendix A gives a detailed desription of the bakground subtration. Values
of the total ross setions are given in Appendix B.
II. THE BELLE DETECTOR
The Belle detetor is a large-solid-angle magneti spetrometer having good momentum
resolution and partile identiation apability in the energy region of interest [15℄. Here
we briey desribe the Belle detetor omponents. Charged trak oordinates near the ol-
lision point are measured by a 3-layer silion vertex detetor (SVD) that surrounds a 2 m
radius beryllium beam pipe. Trak trajetories are reonstruted in a 50-layer entral drift
hamber (CDC), and momentum measurements are made together with the SVD. An array
of 1188 silia-aerogel Cherenkov ounters (ACC) provides separation between kaons and
pions for momenta above 1.2 GeV/c. The time-of-ight ounter (TOF) system onsists of
a barrel of 128 plasti sintillation ounters and is eetive for K/π separation for traks
with momenta below 1.2 GeV/c. Low energy kaons and protons are also identied through
spei ionization (dE/dx) measurements in the CDC. Photon detetion and energy mea-
surements of photons and eletrons are provided by an eletromagneti alorimeter (ECL).
It is omprised of an array of 8736 CsI(Tl) rystals all pointed toward the interation point,
greatly enhanes the eletron identiation apability provided through a omparison of
energy measured in the ECL and momentum in the CDC. These detetor omponents are
loated within a superonduting solenoid oil that provides a uniform magneti eld of
1.5 T. An iron ux-return loated outside the solenoid oil is instrumented to detet K0L
mesons and to identify muons (KLM). The z axis of the detetor is dened to be opposite to
the diretion of the positron beam. These detetor omponents over a polar angular range
between 17◦ and 150◦.
4III. EVENT SELECTION
Signal andidates are primarily triggered by a two-trak trigger that requires two CDC
traks with assoiated TOF hits and ECL lusters with an opening angle greater than
135◦. Exlusive e+e− → e+e−π+π− events are seleted by requiring two oppositely harged
traks oming from the interation region; eah trak is required to satisfy dr < 0.1 m and
|dz| < 2 m, where dr (dz) is r (z) omponent of the losest approah to the nominal ollision
point. Here, r is the transverse distane from the z axis. The dierene of the dz's of the two
traks must satisfy the requirement |dz+ − dz−| ≤ 1 cm. The event must ontain one and
only one positively harged trak that satises pt > 0.3 GeV/c and −0.47 < cos θ < 0.82,
where pt and θ are the transverse omponent of momentum and the angle with respet
to the z-axis. The salar sum of the trak momenta in eah event is required to be less
than 6 GeV/c, and the sum of the ECL energies of the event must be less than 6 GeV.
Events should not inlude an extra trak with pt > 0.1 GeV/c. The osine of the opening
angle of the traks must be greater than −0.997 to rejet osmi-ray events. The sum of
transverse momentum vetors of the two traks (
∑
p
∗
t ) should satisfy |
∑
p
∗
t |< 0.1 GeV/c;
this requirement separates exlusive two-trak events from quasi-real two-photon ollisions.
IV. PARTICLE IDENTIFICATION AND µ/pi SEPARATION
Eletrons and positrons are learly distinguished from hadrons using the ratio E/p, where
E is the energy measured in the ECL, and p is the momentum from the CDC. Kaon (proton)
andidates are identied using normalized kaon (proton) and pion likelihood funtions (LK
(Lp) and Lpi, respetively) obtained from the partile identiation system (ombining the
information of the CDC, TOF, ACC and ECL) with the riterion LK/(LK + Lpi) > 0.25
(Lp/(Lp + Lpi) > 0.5), whih gives a typial identiation eieny of 90% with a pion
misidentiation probability of 3%. All harged traks that are not identied as eletrons,
kaons or protons are treated as pions. We require both traks to be pions. The resulting
invariant mass (W ) distribution is shown in Fig. 1. TheW bin size is hosen to be 5MeV/c2,
while the mass resolution is about 2MeV/c2 aording to GEANT-3 [16℄ based Monte Carlo
(MC) simulation. A lear signal orresponding to the f0(980) meson is seen along with the
well known f2(1270) resonane.
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FIG. 1: The invariant mass distribution of unseparated (µ+µ− + pi+pi−) events. A lear signal for
the f0 (980) an be seen. The large peak around W = 1.2 GeV/c
2
orresponds to the f2 (1270)
resonane. Note the suppressed zero on the vertial sale.
5In this measurement, the KLM detetor annot be used for muon identiation, sine it
is insensitive in the region of interest where the transverse momenta of traks are below
0.8 GeV/c. Therefore, we have developed a method for separating π+π− and µ+µ− events
statistially using ECL information; muons deposit energy orresponding to the ionization
loss for minimum ionizing partiles, while pions give a wider energy distribution sine they
may interat hadronially in the ECL, whih orresponds to approximately one interation
length of material. Typial two-dimensional distributions (E+ vs. E−) of the energy deposit
E± in the ECL for µ
+µ− and π+π− pairs produed by MC are shown in Figs. 2(a) and 2(b).
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FIG. 2: Typial distributions of the energy deposit (E+ vs. E−) in the ECL. Events are produed
using MC simulation in a range 1.0 GeV/c2 < W < 1.02 GeV/c2 and | cos θ∗| < 0.1.
Probability density funtions (PDFs) for the distributions of energy deposits from π+π−
(µ+µ−) pairs P
(i)
pi+pi−
(E+, E−) (P
(i)
µ+µ−
(E+, E−)) are obtained with MC simulation. Here i
represents the i-th bin of (W, |cos θ∗|) in 20 MeV/c2 and 0.1 steps, where W is the invariant
mass of the π+π− (or µ+µ−) pair in eah event (the pion mass is assumed in the alulation),
and θ∗ is the polar angle of the produed π± meson (or µ± lepton) in the enter-of-mass
system of two initial photons. Note that using this method the eet of muons from pion
deays is taken into aount by the pion PDFs. We obtain r(i), the fration of µ+µ− in the
i-th bin through the equation:
N
(i)
data (E+, E−) = N
(i)
tot
(
r(i)P
(i)
µ+µ−
(E+, E−) + (1 − r(i))P (i)pi+pi− (E+, E−)
)
, (1)
where N
(i)
data (E+, E−) is the distribution of data and N
(i)
tot is the total number of events in
that bin. The values of ratios r(i) obtained must be orreted sine the MC annot simulate
hadroni interations aurately enough. By introduing mis-ID probabilities, Ppipi→µµ and
Pµµ→pipi , the r value for eah bin (the bin number i is omitted) an be written as:
r =
Nµµ +NpipiPpipi→µµ −NµµPµµ→pipi
Nµµ +Npipi
, (2)
where Npipi (Nµµ) is the number of true π
+π− (µ+µ−) pairs in that bin. We assume that
Ppipi→µµ and Pµµ→pipi are independent ofW . Applying the µ/π separation method mentioned
above to a sample of data events positively identied as muons by the KLM information
in the higher energy region, we nd that Pµµ→pipi is statistially onsistent with zero. The
values of Ppipi→µµ in eah | cos θ∗| bin are determined suh that the ratio of the data and
MC for µ+µ− pairs, whih is ideally one, gives a straight line in the W spetrum. The
values of Ppipi→µµ vary between 0.08 to 0.13 in | cos θ∗| bins. Beause they are determined
6for eah bin of | cos θ∗|, the bin-by-bin variation of systemati errors is rather large in the
angular distribution. After subtrating µ+µ− events, a total of 6.4× 106 events remains in
the region of 0.8 GeV/c2 < W < 1.5 GeV/c2 and | cos θ∗| < 0.6.
V. DETECTION AND TRIGGER EFFICIENCY
The detetion (trigger) eienies, ǫdet (ǫtrg) are estimated from a MC simulation. Events
of the proess γγ → π+π− are generated using TREPS [17℄. The detetion eieny is
alulated from the MC simulation as the ratio of the number of deteted and generated
events in eah bin of W (with the bin width, 5 MeV/c2) and | cos θ∗| (0.05). The MC
statistis are high enough and do not ontribute to systemati errors.
)2
W 
(Ge
V/c
FIG. 3: The ombined detetion and trigger eienies as a funtion of W and | cos θ∗|.
The trigger eienies are estimated with the same binning using the trigger simulator.
Sine the trigger simulator does not simulate triggers very aurately, partiularly in the low
energy region, the eieny values have to be orreted. We alulate the orretion fators
by omparing the number of e+e− → e+e−e+e− events in data and MC that are triggered
by the two-trak trigger. The resulting fators steeply rise from 0.5 at W = 0.8 GeV/c2 to
0.8 at W = 1 GeV/c2 and then inrease gradually for higher W . The ombined detetion
and trigger eienies are shown in Fig. 3. The muon-bakground subtration and all the
orretion fators are applied using smooth funtions obtained by parameterizing the results
of bin-by-bin analyses.
7VI. CROSS SECTIONS
In this setion, we derive dierential and total ross setions and evaluate systemati
errors.
A. Dierential Cross Setions
Dierential ross setions for γγ → π+π− are evaluated by using the following relation:
∆σγγ→pi+pi−
∆| cos θ∗| =
∆Ne+e−→e+e−pi+pi−
ǫtrg · ǫdet ·∆W ·∆| cos θ∗| · dLdW ·
∫
Ldt
, (3)
where ∆Ne+e−→e+e−pi+pi− is the number of events in aW -| cos θ∗| bin, dLdW is the two-photon
luminosity funtion [18℄ and
∫
Ldt = 85.9 fb−1 is the integrated luminosity. Here the W and
| cos θ∗| bin sizes are also hosen to be 5 MeV/c2 and 0.05, respetively. Bakground from
η′(958)→ ρ0γ → π+π−γ is subtrated, a detailed aount of whih is given in Appendix A.
The ontribution of the bakground to the ross setion is about 5% at 0.8 GeV/c2 and dies
away quikly to zero above 0.9 GeV/c2. Other bakgrounds are negligible.
Dierential ross setions dσ/d| cos θ∗| are obtained using Eq. (3) for | cos θ∗| from 0 to
0.6 and for W from 0.8 GeV/c2 up to 1.5 GeV/c2. The resulting dierential ross setions
are shown in Fig. 4. In order to present the ross setions more quantitatively, some rep-
resentative ones are also plotted in Fig. 5. Both statistial and point-by-point errors are
shown. The latter ome from the µ/π separation method and trigger eieny orretions
we employ as explained in Setions IV and V. A point-by-point systemati error is taken
to be one half of the dierene between the orretions in neighboring bins. The result
shows some apparent systemati struture in the region 0.45 < | cos θ∗| < 0.6, partiularly
for W < 1.1 GeV/c2. As shown below (see Eq. (4)), the dierential ross setions in this W
region an be desribed by a seond order polynomial in | cos θ∗|2. Thus, suh strutures are
not onsidered to be real; either the last points are too low or earlier points are too high.
However, we have not identied the ause of the measurement bias.
8)2
W (G
eV/c
FIG. 4: Dierential ross setions (dσ/d| cos θ∗| (nb)). (The W -axis is reversed ompared to that
of Fig. 3 so as to allow a learer view of the region in W above the f2(1270) resonane.)
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1.45GeV1.40 GeV
0.80 GeV 0.95 GeV0.90 GeV0.85 GeV
1.15 GeV1.10 GeV1.05 GeV1.00 GeV
FIG. 5: Representative dierential ross setions (dσ/d| cos θ∗| (nb)). In the gures, 0.80 GeV
means a bin of 0.800 GeV/c2 < W < 0.805 GeV/c2, et., and the dashed lines indiate the upper
and lower overall systemati errors. The two short horizontal bars indiate the statistial errors
while the vertial ones inlude point-by-point systemati errors.
In this W region, J > 2 partial waves (the next one is J = 4) may be negleted so that
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FIG. 6: The dierential ross setion of γγ → pi+pi− at the f2(1270) mass (1.275 GeV/c2). Thik
vertial bars show statistial errors and thin ones inlude point-by-point errors. The dotted lines
indiate the overall systemati errors. The solid line shows the angular dependene of Y 22 and the
dashed one shows that of Y 02 (both normalized at cos θ
∗ = 0).
only S and D waves are to be onsidered. The dierential ross setion an be expressed as:
dσ
dΩ
(γγ → π+π−) =
∣∣S Y 00 +D0 Y 02 ∣∣2 + ∣∣D2 Y 22 ∣∣2 , (4)
where D0 (D2) denotes the heliity 0 (2) omponent of the D wave and Y
m
J are the spherial
harmonis:
Y 00 =
√
1
4π
, Y 02 =
√
5
16π
(3 cos2 θ∗ − 1),
∣∣Y 22 ∣∣ =
√
15
32π
sin2 θ∗ . (5)
Sine |Y 22 | is not independent of Y 02 and Y 00 (i.e. |Y 22 | = (
√
5Y 00 − Y 02 )/
√
6), partial waves
annot be separated from the dierential ross setions alone; additional inputs or assump-
tions are needed. The general trend of the angular distribution as a funtion of W is as
follows. The angular distribution below 1 GeV/c2 is rather at for | cos θ∗| ≤ 0.4, indiating
that the S wave fration is signiant (Fig. 5). In the region above 1 GeV/c2, the angular
dependene beomes steeper as W inreases and is the steepest around the f2(1270) mass.
Suh behavior is typial of D wave dominane. Theoretially, the heliity=2 wave (D2) is
expeted to be dominant [19℄. This is supported by Fig. 6, where the angular dependene
of |Y 22 |2 and (Y 02 )2 is plotted at the f2(1270) mass.
B. Total Cross Setion
The total ross setion is then obtained by integrating the dierential ross setions over
| cos θ∗| up to 0.6 and is shown in Fig. 7 together with the results of some past experiments.
A lear peak orresponding to the f0(980) meson is visible, indiating that the peak solution
of the BP analysis is preferred. Systemati errors for the total ross setion are summarized
in Table I. They are dominated by the unertainty in the µ/π separation and that of
the trigger eieny. Systemati errors arising from the µ/π separation are estimated by
hanging the value of Ppipi→µµ in the allowable range in eah angular bin. Sine µ
+µ− events
are well identied by the KLM for W > 1.6 GeV, the allowable range is determined in this
11
FIG. 7: The total ross setion of γγ → pi+pi− between 0.8 and 1.5 GeV/c2 for | cos θ∗| < 0.6. The
Belle data are represented by rosses with statistial error bars, the Mark II data are squares, the
CELLO data are the open triangles and the VENUS data are the lled triangles. Dashed lines
indiate upper and lower systemati unertainties for the Belle data. Numerial values are listed in
Appendix B. We do not show systemati errors for the other experiments; they are of similar size
or larger.
region. These well identied µ+µ− events are also used in estimating systemati errors of the
trigger eieny. Comparing data and MC for µ+µ− events in the regionW > 1.6 GeV and
extrapolating linearly downward, the systemati errors are found to be 4% at W = 1.5 GeV
and 10% atW = 0.8 GeV. The total systemati error is obtained by summing the systemati
errors in quadrature and is also shown in Fig. 7. Our results are in good agreement with
past experiments exept for the f2 (1270) mass peak region, where our data points are about
10 to 15% larger, but still within the systemati errors.
TABLE I: Summary of systemati errors for the γγ → pi+pi− ross setion. A range is shown when
the unertainty has W dependene.
Parameter Syst. error (%)
Traking eieny 2.4
Trigger eieny 4  10
K/pi-separation 0  1
µ/pi-separation 5  7
Luminosity funtion 5
Integrated luminosity 1.4
Total 11.1  12.3
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VII. FITS TO THE CROSS SECTIONS
The results of the ross setion measurements an be used to obtain the parameters of
f0(980) and f2(1270) resonanes, and to searh for other states deaying into π
+π−. Some
of us plan to perform a full amplitude analysis in the near future using the present data
inluding the dierential ross setions along with published ross setion data of the past.
Thus, we restrit our analysis to a simple level in this paper. In this setion, we summarize
the measurement of the parameters of the f0(980) disussed in a separate paper [14℄, perform
a simple t for the f2(1270) resonane as a onsisteny hek, and searh for P - and CP -
violating deay of the η′(958) meson into a π+π− pair.
A. The f0 (980) Resonane
We have to take into aount the eet of the KK¯ hannel that opens within the f0 (980)
mass region. The tting funtion for the salar resonane f0(980) is parameterized as follows:
σ =
∣∣∣∣Ff0eiϕ +
√
σBG0
∣∣∣∣
2
+ σBG − σBG0 , (6)
where Ff0 is the amplitude of the f0(980) meson [20℄, whih interferes with the heliity-
0-bakground amplitude
√
σBG0 with a relative phase ϕ, and σ
BG
is the total bakground
ross setion. The amplitude Ff0 an be written as
Ff0 =
√
4.8πβpi
W
· gf0γγgf0pipi
16π
· 1
Df0
, (7)
where the fator 4.8 inludes the duial angular aeptane | cos θ∗| < 0.6, βX =√
1− 4mX2
W 2
is the veloity of the partile X with mass mX in the two-body nal state XX¯,
and gf0XX is related to the partial width of the f0(980) meson via ΓXX(f0) =
βXg
2
f0XX
16pimf0
.
The fator Df0 is given as follows [21℄:
Df0(W ) = m
2
f0
−W 2 + ℜΠf0pi (mf0)−Πf0pi (W ) + ℜΠf0K (mf0)−Πf0K (W ) , (8)
where for X = π or K, ℜΠf0X (mf0) is the real part of Πf0X (mf0), whih is given by:
Πf0X (W ) =
βXg
2
f0XX
16π
[
i +
1
π
ln
1− βX
1 + βX
]
. (9)
The phase fator βK is real in the region W ≥ 2mK and beomes imaginary for W < 2mK .
The mass dierene between K± and K0 (K¯0) is inluded by taking βK =
1
2 (βK± + βK0).
The results of the t (shown in Fig. 8 and in Table II) are disussed in a separate paper [14℄.
For ompleteness we report here the parameters of the f0 (980) meson obtained from the t.
mf0 = 985.6
+1.2
−1.5 (stat)
+1.1
−1.6 (syst) MeV/c
2
Γpi+pi− (f0) = 34.2
+13.9
−11.8 (stat)
+8.8
−2.5 (syst) MeV
Γγγ (f0) = 205
+95
−83 (stat)
+147
−117 (syst) eV.
The two-photon width given by the PDG [2℄ is Γγγ (f0) = 310
+80
−110 (stat) eV, and the value
found by BP is 280+90
−130 eV. Our value of the two-photon width is onsistent with them
within errors.
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FIG. 8: Results of the t: (a) the total ross setion (the solid urve) (b) ontributions of the
resonane (σ(γγ → f0(980)→ pi+pi−)) (solid line) and the interferene (dashed). The ross setion
of σ(γγ → f0(980)→ K+K−) is also shown (dotted) [14℄.
TABLE II: Fitted parameters of the f0 (980) region to Eq.(6).
parameter value error
stat syst
mf0 (MeV/c
2
) 985.6
+1.2
−1.5
+1.1
−1.6
gpipi (GeV) 1.33
+0.27
−0.23
+0.16
−0.05
Γγγ(f0) (eV) 205
+95
−83
+147
−117
σBG0 (nb) 3.7
+1.2
−1.5
+4.3
−3.9
ϕ (rad) 1.74 ±0.09 +0.04
−0.34
χ2/ndf (ndf) 0.90 (15)
B. The f2 (1270) Region
From the past experiments [4, 5, 6, 7, 8, 9, 10℄, it is well known that the position of
the f2(1270) resonane peak in two-photon prodution is shifted to lower mass beause
of interferene with non-resonant bakground [22℄. In this paper, we give the result of a
simple t made as a onsisteny hek in the f2(1270) region. The relativisti Breit-Wigner
resonane amplitude AR(W ) for a spin-J resonane R of mass mR is given by
AJR(W ) =
√
8π(2J + 1)FJmR
W
×
√
Γγγ(W )Γpi+pi−(W )
m2R −W 2 − imRΓtot(W )
, (10)
where FJ is the fator oming from the limited solid angle (| cos θ∗| < 0.6). Hereafter
we onsider the ase J = 2 (the f2(1270) meson). The fator F2 = 0.884 is obtained
assuming heliity-2 dominane [19℄; the angular dependene is assumed to be Y 22 . The
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energy-dependent total width Γtot(W ) is given by
Γtot(W ) =
∑
X
ΓXX¯(W ) , (11)
where X is π, K, γ, et. The partial width ΓXX¯(W ) is parameterized as [23℄:
ΓXX¯(W ) = ΓRB(R→ XX¯)
(
qX(W
2)
qX(m2R)
)5
D2
(
qX(W
2)rR
)
D2 (qX(m2R)rR)
, (12)
where ΓR is the total width at the resonane mass, qX(W
2) =
√
W 2/4−m2X , D2(x) =
1/(9 + 3x2 + x4), and rR is an eetive interation radius that varies from 1 GeV
−1
to
7 GeV−1 in dierent hadroni reations [24℄. For X = π, K, and γ, the branhing frations
are 0.848+0.025
−0.013, 0.046± 0.004, and (1.41± 0.13)× 10−5, respetively [2℄. For the 4π and the
other deay modes, Γ4pi(W ) = ΓRB(R→ 4π)W 2m2
R
is used instead of Eq. (12).
The tting funtion for the f2(1270) region is taken to be as follows:
σ =
∣∣∣∣∣AJ=2R (W )eiφ2 + b0
(
W
1 GeV/c2
)−b1 ∣∣∣∣∣
2
+ c0 + c1W + c2W
2 , (13)
where the ontribution other than that of the f2(1270) resonane is subdivided into the
interfering part (heliity=2) and the non-interfering part (heliity=0). The t region is
hosen to be ±Γtot around the f2 mass, i.e. 1.090 GeV/c2 < W < 1.461 GeV/c2. The
parameters of the f2(1270) meson are xed to the values from the PDG: the branhing
frations as listed above, mR = 1275.4± 1.1 MeV/c2 and ΓR = 185.2+3.1−2.5 MeV [2℄, and the
parameter rR is oated.
The result of the t is shown in Fig. 9 and the obtained parameters are summarized
in Table III, where errors shown are statistial only. Sine a good t is obtained with
c2 = 0, we omit c2. A t without the non-interfering bakground gives muh worse results
as summarized in Table III. We onlude that the onsisteny hek is satisfatory.
FIG. 9: Results of the t of the f2(1270) region to Eq. (13). The parameters of the f2(1270) mesons
are xed to the values by the PDG (with the heliity=0 bakground).
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TABLE III: Fitted parameters for the f2 (1270) region to Eq. (13). The parameters of the f2(1270)
meson are xed to the values by the PDG. Errors shown are statistial only.
parameter with hel.=0 bgd without hel.=0 bgd
rR (GeV
−1
) 3.62± 0.03 2.84± 0.04
b0 (
√
nb) 5.54± 0.02 7.70± 0.05
b1 0.61± 0.05 2.00± 0.02
φ2 (deg.) 28.7± 0.2 22.8± 0.1
c0 (nb) 18.2± 3.7 0 (xed)
c1 (nb/GeV/c
2
) −1.7± 2.8 0 (xed)
c2 (nb/(GeV/c
2)2) 0 (xed) 0 (xed)
χ2/ndf (ndf) 1.1 (68) 2.1 (70)
C. The pi+pi− branhing fration of the η′ (958) meson
The η′ (958) meson is a pseudosalar meson and, thus, its oupling to ππ violates P and
CP . The present upper limit for the π+π− branhing fration B(η′ → π+π−) is 2% [25℄.
The high statistis data of Belle allow for a more sensitive searh. The η′ (958) meson has a
small width of Γη′ = 0.202± 0.016 MeV and a mass of mη′ = 957.78± 0.14 MeV/c2. Thus
its ontribution to the W spetrum an be represented by a Gaussian funtion:
fη′(W )dW =
Sη′√
2πσW
exp
(
− (W −mη′)
2
2σ2W
)
dW , (14)
where Sη′ is the parameter to be determined, and σW = 2.0 ± 0.2 MeV/c2 is the mass
resolution determined from MC. The total ross setion in the region 0.92 GeV/c2 ≤ W ≤
0.98 GeV/c2 is tted with a seond-order polynomial plus Eq. (14). The nite bin-size
eet is taken into aount by integrating the Gaussian over eah bin. The result is Sη′ =
−27 ± 16 nb ·MeV. The systemati error is found to be negligible, whih is estimated by
onstraining the η′ mass and the mass resolution within one standard deviation and by
hanging the tting region.
The parameter Sη′ an be related to the π
+π− branhing fration B(η′ → π+π−) as
follows. The ross setion formula to be used is the same as Eq. (6) exept for replaing the
amplitude Ff0 by Eq. (10) with J = 0:
√
4.8πmη′
W
√
Γη′ΓγγB(η′ → π+π−)
M2η′ −W 2 − imη′Γη′
≃ −
√
4.8πΓη′ΓγγB(η′ → π+π−)
2mη′
(
W −mη′ + iΓη′2
) , (15)
where Γγγ = 4.30 ± 0.15 keV [2℄ is the two-photon width of the η′ meson, and the latter
equation is obtained in a narrow width approximation. Taking into aount an interferene
eet (for the most onservative ase) and using the relation
∫∞
0
dW/((W −mη′)2+Γ2η′/4) ≃
2π/Γη′ , we obtain:
Sη′ =
1.2π
mη′
(
2πΓγγB(η′ → π+π−)
mη′
+ sinϕ′
√
2πσBG0 Γη′ΓγγB(η′ → π+π−)
)
, (16)
where σBG0 is the ross setion of the ontinuum γγ → π+π− omponent whose amplitude
interferes with the P - and CP -violating η′ deay, and ϕ′ is the phase angle and sinϕ′ = −1
gives the most onservative upper limit of Sη′ .
To obtain the upper limit for Sη′ at 90% ondene level (C.L.), we have to onsider
two physially possible ases: Sη′ is negative or positive, depending on the presene or
absene of an interferene eet between amplitudes of opposite P and CP . As the reation
16
FIG. 10: Fit result of a Gaussian + seond-order polynomial in the η′(958) region. The solid
(dotted) line is the 90% C.L. upper limit without (with) interferene.
γγ → η′ would take plae via a P wave, while only even orbital angular momentum waves
an ontribute to the ordinary γγ → π+π− proess, it is unlikely that these two proesses
would interfere. In that ase, σBG0 = 0 and Sη′ is non negative. On the other hand, if
interferene is present, the lowest boundary of Sη′ is −πσBG0 Γη′/2 ≃ −30 nb·MeV, where
σBG0 = 93.5 nb is used, i.e. the largest possible value of σ
BG
0 that gives the most onservative
limit.
We rst obtain S90η′ , the 90% C.L. upper limit of Sη′ from the following relation:
∫ S90
η′
Smin
η′
exp
(
−χ
2(Sη′)
2
)
dSη′ = 0.9
∫ ∞
Smin
η′
exp
(
−χ
2(Sη′)
2
)
dSη′ , (17)
where χ2(Sη′) is the χ
2
from the t with a xed Sη′ and S
min
η′ is the lower physial boundary
of Sη′ . In the presene (absene) of the interferene eet, the limit is determined to be
S90η′ < −2.0 (S90η′ < 14.4) nb·MeV. The results are shown in Fig. 10. We obtain the upper
limit of B(η′ → π+π−) taking the errors of Γγγ and Bγγ (≡ Γγγ/Γη′) into aount. Namely,
we alulate the ontribution to the unertainty in Sη′ that arises from these parameters
and ombine it with the statistial error of Sη′ , 16 nb · MeV, reevaluate S90η′ , and then
translate it into a limit for B(η′ → π+π−). In the ase of no interferene, we obtain
B(η′ → π+π−) < 3.3 × 10−4. In the other extreme ase of maximum interferene, we use
σBG0 = 93.5 nb, and the limit is B(η′ → π+π−) < 2.8× 10−3 at 90% C.L. The errors in Γγγ
and Bγγ are also inluded but they lead to a negligible hange in the upper limits.
VIII. SUMMARY AND CONCLUSION
In summary, we have performed a high statistis measurement of the γγ → π+π− ross
setions in the π+π− invariant mass region 0.80 GeV/c2 ≤W ≤ 1.5 GeV/c2 for | cos θ∗| < 0.6
with the Belle detetor at the KEKB e+e− ollider. The total ross setion is measured in
ne bins of W (∆W = 5 MeV/c2) and dierential ross setions are given in bins of ∆W =
5 MeV/c2 and ∆| cos θ∗| = 0.05. We have observed a signiant peak orresponding to the
f0 (980) resonane. Our data learly selet the peak solution of the Boglione-Pennington
amplitude analysis [11℄. The total ross setion is tted to obtain the parameters of the
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f0(980) meson [14℄ and to hek onsisteny in the f2(1270) region. For a P - and CP -
violating deay of the η′(958) meson, we set an upper limit without (with) interferene
between opposite P and CP amplitudes B(η′(958)→ π+π−) < 3.3 × 10−4 (< 2.9 × 10−3)
at 90% C.L. thereby signiantly improving the previous limit of 0.02 [2℄. The angular
dependene of the dierential ross setions is onsistent with the presene of a signiant
S wave fration for W . 1 GeV/c2 and with the dominane of the D wave in the f2(1270)
mass region.
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APPENDIX A: BACKGROUND SUBTRACTION
In this setion, we desribe in detail how the bakground from η′ → π+π−γ is subtrated
in the ross setion determinations desribed in Setion VI and Appendix B. Note that
beam-gas bakground that was important in past experiments is ompletely negligible at
B-fatories beause of the very high luminosity. The dominant physis bakground is due
to η′(958) prodution and its subsequent deay into ρ0γ; the photon energy at the nominal
ρ0 mass is 0.14 GeV, and a signiant fration of π+π− pairs satisfy seletion requirements
suh as |∑p∗t |< 0.1 GeV/c. The other physis bakgrounds are negligibly small.
The bakground from η′ → π+π−γ an be estimated with MC at the four-vetor level
without doing a full detetor simulation. This is beause the subtrations are applied to
ross setions where eieny orretions of the detetor and trigger are already inluded
and beause the bin-sizes used are large enough that the eet of nite detetor resolution
is negligible. The proess e+e− → e+e−η′ with η′ → ρ0γ → π+π−γ is simulated using
TREPS [17℄. The nal state π+π−γ is generated with a matrix element inorporating the
dipole transition feature of the η′ → ρ0γ deay and the ρ pole [25, 26℄:
|M(mpi+pi− , Eγ , θ)|2 ∝
p2piE
2
γm
2
pi+pi−
sin2 θ
(m2ρ −m2pi+pi−)2 +m2ρΓ2(mpi+pi−)
, (A1)
where ppi is the pion momentum, Eγ is the photon energy and θ is the angle between one of
the pions and the photon, all evaluated in the di-pion rest system, and the denominator is
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the ρ pole. The mass dependene of the ρ width is parameterized as [27℄:
Γ(m) =
2p3pi
p0(p2pi + p
2
0)
Γ0 , (A2)
where p0 is the ppi at m = mρ and Γ0 is the nominal ρ width. Generated π
+π− pairs are
subjeted to the ut | ∑p∗t |< 0.1 GeV/c and then aumulated into bins of W - | cos θ∗|
with the same bin size as that of the dierential ross setions. The obtained distribution
is related to the ross setion of γγ → X by using [18℄:
dσ(e+e− → e+e−X) = dW dL
dW
(W )σ(γγ → X) . (A3)
The resulting bakground ross setions to be subtrated are shown in Figs. 11(a) and (b).
'
(a) Bakground total ross setion
0.80 GeV
0.90 GeV0.88 GeV0.86 GeV
0.84 GeV0.82 GeV
(b) Bakground dierential ross setions at represen-
tative W 's (dσ(γγ → η′ → ρ0γ → pi+pi−γ)/d| cos θ∗|
(nb))
FIG. 11: Bakground total and dierential ross setions (γγ → η′ → ρ0γ → pi+pi−γ)
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APPENDIX B: TOTAL CROSS SECTION
In this appendix, we list the measured values of the total ross setion for the proess
γγ → π+π− integrated over the angular region | cos θ∗| < 0.6 in the range of 0.8 GeV/c2 <
W < 1.5 GeV/c2 in steps of ∆W = 0.005 GeV/c2. At eah energy, the third number in the
table is the statistial and the fourth is the overall systemati error.
W σ stat syst W σ stat syst W σ stat syst W σ stat syst
GeV/c2 nb nb nb GeV/c2 nb nb nb GeV/c2 nb nb nb GeV/c2 nb nb nb
0.8025 109.74 2.77
+14.15
−13.90 0.8075 105.40 1.80
+13.55
−13.30 0.8125 102.85 1.54
+13.21
−12.97 0.8175 102.25 1.52
+13.13
−12.87
0.8225 102.40 1.48
+13.08
−12.83 0.8275 99.89 1.44
+12.77
−12.51 0.8325 100.11 1.43
+12.71
−12.47 0.8375 96.69 1.41
+12.30
−12.05
0.8425 94.74 1.39
+12.06
−11.82 0.8475 97.08 1.38
+12.19
−11.96 0.8525 93.85 1.37
+11.82
−11.58 0.8575 90.78 1.36
+11.46
−11.22
0.8625 90.40 1.36
+11.35
−11.11 0.8675 89.21 1.35
+11.18
−10.95 0.8725 89.02 1.35
+11.10
−10.87 0.8775 88.96 1.34
+11.05
−10.82
0.8825 87.07 1.33
+10.83
−10.60 0.8875 86.25 1.32
+10.71
−10.48 0.8925 89.55 1.32
+11.02
−10.79 0.8975 89.37 1.31
+10.97
−10.75
0.9025 85.27 1.30
+10.56
−10.32 0.9075 89.03 1.30
+10.91
−10.69 0.9125 87.14 1.28
+10.72
−10.49 0.9175 90.73 1.28
+11.06
−10.84
0.9225 88.69 1.27
+10.86
−10.63 0.9275 88.47 1.26
+10.84
−10.60 0.9325 89.00 1.25
+10.89
−10.65 0.9375 91.84 1.25
+11.18
−10.93
0.9425 91.88 1.25
+11.20
−10.95 0.9475 91.74 1.24
+11.20
−10.95 0.9525 92.02 1.23
+11.26
−10.99 0.9575 93.41 1.22
+11.42
−11.16
0.9625 93.48 1.22
+11.47
−11.19 0.9675 97.46 1.22
+11.90
−11.62 0.9725 100.08 1.22
+12.17
−11.89 0.9775 103.87 1.21
+12.57
−12.29
0.9825 107.07 1.21
+12.90
−12.62 0.9875 110.24 1.21
+13.21
−12.89 0.9925 104.68 1.19
+12.63
−12.40 0.9975 99.79 1.18
+12.23
−11.87
1.0025 101.21 1.17
+12.36
−12.06 1.0075 102.91 1.17
+12.51
−12.21 1.0125 102.86 1.16
+12.51
−12.21 1.0175 105.85 1.16
+12.80
−12.50
1.0225 104.71 1.15
+12.70
−12.39 1.0275 107.10 1.15
+12.94
−12.64 1.0325 108.03 1.14
+13.06
−12.75 1.0375 109.75 1.14
+13.25
−12.94
1.0425 111.16 1.14
+13.42
−13.10 1.0475 112.96 1.14
+13.62
−13.30 1.0525 113.58 1.13
+13.72
−13.39 1.0575 117.81 1.13
+14.16
−13.83
1.0625 118.50 1.13
+14.27
−13.93 1.0675 118.14 1.12
+14.29
−13.93 1.0725 123.57 1.13
+14.85
−14.49 1.0775 125.80 1.12
+15.12
−14.75
1.0825 127.32 1.12
+15.33
−14.95 1.0875 132.64 1.12
+15.90
−15.51 1.0925 135.50 1.12
+16.25
−15.85 1.0975 137.82 1.12
+16.55
−16.14
1.1025 141.86 1.12
+17.01
−16.59 1.1075 147.31 1.12
+17.60
−17.17 1.1125 149.05 1.12
+17.86
−17.41 1.1175 154.11 1.13
+18.43
−17.97
1.1225 158.42 1.13
+18.94
−18.47 1.1275 162.55 1.13
+19.45
−18.95 1.1325 168.98 1.14
+20.16
−19.66 1.1375 174.29 1.14
+20.79
−20.27
1.1425 179.45 1.14
+21.41
−20.87 1.1475 185.23 1.15
+22.09
−21.53 1.1525 190.32 1.15
+22.72
−22.13 1.1575 196.50 1.15
+23.45
−22.83
1.1625 205.00 1.16
+24.40
−23.76 1.1675 211.52 1.17
+25.18
−24.52 1.1725 220.50 1.17
+26.17
−25.50 1.1775 226.11 1.18
+26.88
−26.18
1.1825 233.61 1.18
+27.76
−27.04 1.1875 243.91 1.19
+28.89
−28.15 1.1925 252.79 1.20
+29.89
−29.13 1.1975 256.88 1.20
+30.46
−29.68
1.2025 265.45 1.21
+31.43
−30.62 1.2075 273.94 1.22
+32.37
−31.55 1.2125 280.81 1.23
+33.17
−32.32 1.2175 286.54 1.23
+33.85
−32.97
1.2225 291.98 1.23
+34.47
−33.57 1.2275 297.12 1.24
+35.05
−34.13 1.2325 301.35 1.24
+35.50
−34.57 1.2375 306.15 1.24
+35.98
−35.04
1.2425 305.83 1.24
+35.97
−35.01 1.2475 308.21 1.24
+36.14
−35.19 1.2525 304.94 1.24
+35.78
−34.82 1.2575 302.09 1.23
+35.40
−34.46
1.2625 297.81 1.22
+34.85
−33.93 1.2675 290.47 1.22
+33.99
−33.08 1.2725 281.53 1.20
+32.94
−32.05 1.2775 271.20 1.18
+31.73
−30.87
1.2825 259.63 1.17
+30.38
−29.55 1.2875 250.20 1.15
+29.19
−28.40 1.2925 238.08 1.14
+27.75
−27.00 1.2975 224.97 1.12
+26.21
−25.51
1.3025 211.19 1.10
+24.62
−23.95 1.3075 198.86 1.09
+23.15
−22.52 1.3125 186.77 1.07
+21.71
−21.12 1.3175 175.27 1.06
+20.34
−19.79
1.3225 164.29 1.04
+19.04
−18.52 1.3275 152.31 1.03
+17.68
−17.18 1.3325 141.10 1.01
+16.41
−15.94 1.3375 132.89 1.00
+15.42
−14.98
1.3425 125.24 0.99
+14.50
−14.09 1.3475 117.89 0.98
+13.63
−13.24 1.3525 110.82 0.96
+12.79
−12.42 1.3575 103.72 0.95
+11.96
−11.62
1.3625 97.71 0.94
+11.27
−10.93 1.3675 91.35 0.93
+10.48
−10.23 1.3725 84.87 0.92
+9.76
−9.50 1.3775 81.18 0.92
+9.29
−9.04
1.3825 73.44 0.91
+8.47
−8.23 1.3875 70.56 0.90
+8.07
−7.86 1.3925 67.25 0.90
+7.67
−7.46 1.3975 65.05 0.90
+7.36
−7.17
1.4025 59.39 0.89
+6.77
−6.59 1.4075 56.28 0.88
+6.41
−6.23 1.4125 52.53 0.87
+6.00
−5.84 1.4175 51.69 0.87
+5.85
−5.69
1.4225 48.65 0.87
+5.51
−5.36 1.4275 45.78 0.86
+5.20
−5.06 1.4325 44.40 0.86
+5.01
−4.88 1.4375 41.55 0.85
+4.71
−4.59
1.4425 39.18 0.84
+4.46
−4.34 1.4475 38.13 0.84
+4.32
−4.20 1.4525 37.14 0.85
+4.18
−4.08 1.4575 35.84 0.84
+4.03
−3.93
1.4625 34.07 0.84
+3.84
−3.74 1.4675 33.83 0.84
+3.78
−3.68 1.4725 31.64 0.83
+3.55
−3.46 1.4775 29.58 0.83
+3.34
−3.25
1.4825 29.00 0.83
+3.25
−3.16 1.4875 27.52 0.83
+3.08
−3.00 1.4925 26.25 0.82
+2.93
−2.85 1.4975 25.07 0.83
+2.79
−2.72
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